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Abstract 

We present measurements of airborne fission products in Chapel Hill, NC, USA, from 62 d following the 
March 11, 2011, accident at the Fukushima Dai-ichi nuclear power plant. Airborne particle samples were 
collected daily in air filters and radio-assayed with two high-purity germanium (HPGe) detectors. The fission 
products "'^'^^I and ^'^^Cs were measured with maximum activity concentrations of 4.2 ± 0.6 mBq/m'^ and 
0.42 ± 0.07 mBq/m^ respectively. Additional activity from i3ia32j^ i34,i36,i37Qg g^j^j i32rp^ were measured 
in the same air filters using a low-background HPGe detector at the Kimballton Underground Research 
Facility (KURF). 

Keywords: Radioactive fallout, Fukushima nuclear accident. Fission product radionuclides. Gamma 
spectroscopy 



1. Introduction 



On March 11, 2011, reactors at the Fukushima Dai-ichi nuclear power plant in Japan (37°45' N, 141°27' E) 
were shut down following a 9.0 magnitude earthquake. Emergency diesel generators were activated to power 
water pumps needed to cool the reactors and prevent intensely radioactive nuclear fuel from overheating 
and damaging the reactor containment vessels. Shortly after the earthquake, the plant was struck by a 14-m 
tsuna mi which fiooded the electrical building, disabling the emergency generators (jWorld Nuclear Newsl . 
20111 ). Fires, explosions and possible partial core meltdowns released radioactive fission products into the 
atmosphere. On April 20, 2011, the International Atomic Energy Agency (IAEA) reported ^'^^I deposition 
in Japan ranging from 1.8 t o 368 Bq/m^ in 13 prefectures and ^ '^ '^Cs d eposition ranging from 2.4 to 160 
Bq/m^ in seven prefectures (llnternational Atomic Energv Agencvl . 120111 ). 

Uncertainty surrounded the development of the situation at Fukushima as plant staff struggled to restore 
power and to adequately cool the reactors. A limited amount of information and measurements relevant to 
the release of radioactive material had been available. Considering global interest in possible public health 
effects and local impact on our physics program that relies on ultra-low radioactive background detectors, 
we began collecting airborne particle samples and monitoring for fission products on March 17, 2011. 

Airborne fission products, including i3i'i32j^ i^a,137q^^ "^^"^Te and ^'^^Xe were first detected on the west 
coast of the United States on March 16, 2011, and reached a ma ximum activity concentration of 4.4 ±1.3 
mBq /m^ of ^^^I 3 d after the first detection of fission products (iBowver. T. et ah . 2011 : Diaz Leon et al 



2011 ) . Radioa ctivity has also been measured in Eu rope ( Masson et al.l . 20 111) , western Japan ([Fushimi et al 



20111) . Russia (jBolsunovskv and Dementvevl . I2011I ). in rainwater in the United States (jNorman et al.l . 120111) 
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and i s continuously monitored in France (jFrench Institute for Radiological Protection and Nuclear Safety! . 
20111) . 



We first detected airborne fission products in Chapel Hill between 20:00 UTC on March 18, 2011, and 
20:00 UTC on March 19, 2011. We measured a maximum activity concentration of 4.2 ± 0.6 mBq/m"^ of 
^^ij in the interval between March 29, 2011 and March 30, 2011. The time dependence of and "^Cs 
activity seems to have been dominated by local rain, but we are able to draw some conclusions about the 
nature of the reactor accident and the transport of fission products around the world. 



2. Materials and Methods 

The air sampling pump and filter were housed on the roof of Phillips Hall at the University of North 
Carolina at Chapel Hill (35°55'N, 79°2' W, 150 m elevation). The pump is a Staplex model TFIA 110-125 



V DC / AC with built-in flow meter and an 8" x 10" filter holder assembly (jStaplex Air Sampler Divisionl . 
l201l[ ). With a filter in place, the flow rate of the air sampler was measured to be 2050 m'^/d. Air filters 
collected airborne particles for approximately 24 h, then were removed, folded into 5 cm x 10 cm rectangles 
and sealed in nylon bags. A total of 38 air fllters were collected over 62 d following the March 11, 2011 
earthquake. 

Two 5% relative efficiency to Nal (R.E.) high-purity germanium (HPGe) detectors were used to identify 
characteristic gamma rays from radioactive fission products. The detectors were setup horizontally with a 
10 mm separation between their end caps. Bagged filters were placed between the end caps of the detectors 
for assay. The detectors were surrounded by a lead shield of 5-10 cm thickness to reduce backgrounds from 
cosmic rays and natural radiation. 

Ten filters which had already been measured using the setup described above were assayed at the Kimball- 
ton Underground Research Facility (KURF) in order to search for more exotic, long-lived fission products. 
KURF is located in the Kimballton mine near Ripplemead, VA, which provides shielding equivalent to 1450 
m of water from cosmic-ray induced backgrounds. The detectors in this counting facility have a background 
rate about 40 times less than the above-ground detectors in the region of 40 - 2700 keV. All 10 filters were 
tightly fit into a Marinelli beaker and were assayed simultaneously in the 'VT-1' detector which is a 35% 
R.E. coaxial HPGe detector wit h very low background (ORTEC LLB). For technical specifications on the 
counting systems and facility see Finnertv et al.l ( 201l[ ). 



A single filter was also measured using the VT-1 detector to determine the gamma-ray detection efficiency 
of the surface based counting system. The eflaciency of the VT-1 detector had previously been determined 
using an existing Monte Carlo simulation that had been calibrated using point sources of known activity 
spanning wide gamma-ray energy range in multiple locations surrounding the detector. The detection 
efficiencies of the above-ground detectors were determined by comparing ^^^I and ^"^^Cs count rates to VT-1 
measurements of the same filter. The relative eflSciencies were also verified by comparing the efficiency of a 
^^■^Ba (Ej = 356 keV) point source on the top of the cryostat of the VT-1 detector to a similar source of 
known activity in the same position on the cryostats of the above-ground detectors. 

To determine the filter efficiency for air particles containing ^^^I and ^'^^Cs, two filters were placed in 
the air sampler in series and the activities of the two filters were compared. Using this method, the filter 
efficiency for particles carrying ^^^I was determined to be 87% ± 5%. The filter efficiency for air particles 
containing ^^^Cs was determi ned to be 98.7% ± 0.6%. The manufacturer quotes a filter efficiency of 99.98% 



for particles down to 0.3 /im ([Staplex Filter PapersL 120111) . It should be noted that the measured ^'^^I only 
represents particulate species collected in the air filters. This accounts f or only about 50% o f the total ^^^I 



in the air. The rest is distributed in gases such as I2 and methyl iodide ( Perkins et al. . 1990[) . 

(1) 



The particulate activity concentration from a given isotope can be calculated as: 

R 1 



^det^filter Qt. 



samp 



where edet is the absolute gamma-ray detection efficiency, e futer is the air filter efficiency, Q is the flow rate 
of the air sampler, tsamp is the time duration of air sampling and R is the count rate of the filter at the 



2 



end of the sampling period. R has been corrected for any delay between sampling and counting using the 
known lifetimes of the relevant isotopes. We did not correct for decays during the sampling period. 



3. Results and Discussion 



The first filter was placed in the air sampler on March 17, 2011, and collected particles for 24 h. Although 
there arc many nuclear facilities in the United States including the Shearon Harris nucle ar power plant about 
30 km from the sampling site ([United States Nuclear Regulatory Commissionl 120111) . no fission products 
were detected in this filter and all visible gamma-ray peaks could be attributed to known background 
sources. Filters from subsequent days produced clear peaks attributable to ^"^^I and ^^''Cs as seen in Fig.[TJ 
The sampling dates and measured air activity concentrations for the first 62 d of data are listed in Table [TJ 
A plot of the ^^^I and ^'^^Cs activity concentrations measured over the first 40 d is shown in Fig. [2j 




340 350 360 370 
Energy (keV) 

(a) 



390 




§40 645 650 655 660 665 670 675 680 
Energy (keV) 

(b) 



Figure 1: Comparison of gamma-ray spectra from the filter sampled from March 18 - 19, 2011 (gray) and 
March 20 - 21, 2011 (black) showing an increase in fission fragments, (a) The dominant fission fragment 
peak is at 364 keV from the decay of ^^^I. The peak at 352 keV is from ^^^Pb, which comes from ^^^Rn in 
the air. (b) Fission fragment peak from ^'^^Cs at 662 keV. 



Additional fission product isotopes were detected by simultaneously counting filters from the first 10 d 
of air sampling at KURF. Fig. [3] shows gamma-ray spectra from this measurement where peaks from the 
isotopes ^■^■^Tc and ^'^^Cs, which could not be seen in the above-ground detectors, are visible. The fission 
products and gamma-ray energies are listed in Table [21 Two individual filters were also counted at KURF to 
measure the activity of fission products that were below the detection limit of the above-ground detectors. 
The activity concentrations measured in these filters are listed in Table [3| 

The maximum activity concentration detected was 4.2 ± 0.6 mBq/m'^ of ^-^^I, which did not include a 
correction for the volatile iodine components. If the volatile components were included, the activity con- 
centration may have been comparable to the limit of 7.8 mBq/ni"^ set by the Environmental Protection 
Agency (EPA) although it was well below the limit of 7.4 Bq/m'^ set by the Nuclear Regulatory Commission 



(NRC ) ( United States Nuclear Regulatorv Commission . 201lllUnited States Environmental Protection Agencv 
201l[ ). The NRC limit is intended to limit public dosage to less than 1 mSv effective dose. 

Local weather had a significant impact on measured activities. In particular, sharp decreases in both 
^^^I and ^^^Cs activity, shown in Fig. [21 can be correlated with rain events in Table [H 

The measurement of certain isotopes and their ratios allows us to draw some conclusions about the nature 
and timcscalc of the Fukushima accident. The measurement of short-lived isotopes, such as i3i.i32j^ ^^^Cs 
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Time since earthquake (d) 

Figure 2: The time dependence of ^^^I and ^■^^Cs activity and local rainfall. Time is shown in days after 
the March 11 earthquake (rounded to the nearest day). Each activity measurement corresponds to the day 
the filter was removed from the air sampler. Days when the fission product activity was below the detection 
sensitivity are reported as upper limits (95% confidence limit). The data may also be found in Table [TJ 
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Table 1: Measured ^'^^I and ^'^''Cs air activity concentrations during the first 62 d of air sampling. Filters 
collected air particles for approximately 24 h. 



Filter sampling 


Days since 


Precipitation'' 


"'I activity 


'^■^Cs activity 


end date^ 


earthquake 


(cm) 


concentration 


concentration 








(mBq/m''') 


(mBq/m-^) 


March 19 


9 


0.00 


0.36 ± 0.07 


0.11 ± 0.03 


March 21 


11 


0.00 


0.55 ± 0.09 


0.13 ± 0.03 


March 22 


12 


0.00 


0.52 ± 0.09 


0.16 ± 0.04 


March 24 


14 


0.38 


0.67 ± 0.11 


0.06 ± 0.02 


March 25 


15 


0.00 


0.85 ± 0.13 


0.11 ± 0.03 


March 26 


16 


0.44 


2.42 ± 0.37 


0.18 ± 0.04 


March 27 


17 


0.18 


0.88 ± 0.14 


0.08 ± 0.02 


March 29 


19 


0.13 


3.40 ± 0.51 


0.18 ± 0.04 


March 30 


20 


2.44 


4.15 ± 0.62 


0.42 ± 0.07 


March 31 


21 


0.03 


0.93 ± 0.15 


0.09 ± 0.03 


April 1 


22 


0.00 


2.66 ± 0.40 


0.21 ± 0.04 


April 2 


23 


0.00 


3.99 ± 0.60 


0.33 ± 0.06 


April 3 


24 


0.00 


1.24 ± 0.19 


0.06 ± 0.02 


April 4 


25 


0.00 


0.92 ± 0.14 


0.09 ± 0.03 


April 5 


26 


0.43 


0.23 ± 0.05 


0.08 ± 0.02 


April 6 


27 


0.00 


0.83 ± 0.13 


0.10 ± 0.03 


April 7 


28 


0.00 


0.66 ± 0.11 


0.08 ± 0.03 


April 8 


29 


0.33 


0.48 ± 0.08 


0.09 ± 0.02 


April 9 


30 


2.87 


0.26 ± 0.05 


0.12± 0.04 


April 10 


31 


0.00 


< 0.06 


0.08 ± 0.03 


April 11 


32 


0.00 


< 0.06 


< 0.04 


April 12 


33 


0.41 


0.12 ± 0.03 


0.09 ± 0.04 


April 13 


34 


0.00 


< 0.05 


< 0.04 


April 14 


35 


0.00 


0.15 ± 0.04 


< 0.04 


April 15 


36 


0.00 


0.16 ± 0.04 


0.10 ± 0.02 


April 16 


37 


1.52 


0.12 ± 0.04 


0.11 ± 0.03 


April 17 


38 


0.00 


< 0.06 


< 0.04 


April 18 


39 


0.00 


0.20 ± 0.04 


0.10 ± 0.02 


April 19 


40 


0.00 


0.24 ± 0.05 


0.07 ± 0.03 


April 20 


41 


0.00 


< 0.08 


< 0.04 


April 29 


50 


0.00 


< 0.1 


< 0.02 


May 1 


51 


0.00 


< 0.1 


< 0.02 


May 4 


55 


0.00 


< 0.05 


< 0.02 


May 5 


56 


3.00 


< 0.05 


< 0.02 


May 6 


57 


0.00 


< 0.05 


< 0.03 


May 11 


62 


0.05 


< 0.04 


< 0.03 



Uncertainties from counting statistics are ± 1 standard deviation/error. Upper limits are reported at 95% confidence 
limit. 

^The air filters which ended sampling on March 18, March 20 and March 23 were assayed in a single detector 
counting system and are not included here. The March 18 filter had no detectable fission product isotopes. Filters 
w ere sampled less frequently a nd counted for longer durations as the activity approached our detection limit. 
'' (IWeather Undergrounll. 120111 ) 
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Figure 3: (a) Gamma-ray spectrum for the 10 filters counted simultaneously (black) and background spec- 
trum (gray) in VT-1. (b),(c) Two regions of the VT-1 filter and background spectra where various fission 
fragment and background peaks are visible. Number labels correspond to the isotopes listed in Table [2] 
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Table 2: Fission products and backgrounds detected at KURF for peaks seen in the part of the spectra 
displayed in Fig. [31 



Isotope 


Fig. [3 Label 


Source 


2^1/2 


Gamma-rays detected (keV) 


132 rpg 


1 


fission product 


76.9 h 


228, 326 


214p^ 


2 


background from ^^^Rn 


26.8 min 


242, 295. 352 


131-|- 


3 


fission product 


8.03 d 


80.2, 176, 284, 364, 503, 637, 










643, 723 




4 


fission product 


13.0 d 


340, 818, 1048, 1235 


Cs 


5 


fission product 


2.07 y 


458, 487, 563, 569, 605, 695, 










796, 802, 1039, 1168, 1365 


^Be 


6 


cosmogenic 


53.2 d 


477 


208 rpj 


7 


background from '^-^'^Th 


3.05 min 


583, 2614 


214gj 


8 


background from ^^^Rn 


19.9 min 


609, 768, 1120, 1765, 2204 




9 


fission product 


30.1 y 


661 


132j 


10 


fission product 


137.7 min 


667, 773, 954 



and ^^^Te, indicates that radioactivity was released from recently active fuel rods and not from spent fuel 
cooled for long term. Isotopes such as ^°'^Ru, ^^^Ce, ^'^^Np and other fission products that were detected after 
the Chernobyl accident in both Europe and North America ( Devell et al. . 19861 Perkins et al. 



1990h 



were 



not found in the data. Since almost all of the iodin e entering containm ent from a light water reactor cooling 



system is in the form of Csl which is very soluble (jBeahm et al.l . Il99lf ). this suggests that radioactivity due 



to the release of contaminated steam was far more abundant than from active fuel particles. 

Using data from KURF, the ratio of the number of ^'^^Cs to ^'^^Cs atoms present in filters from the first 
10 d of air sampling could also be determined. If the release of radioactivity was from a nuclear weapon, 
for example, there would be almost no ^'^^Cs produced because the formation of ^"^^Cs via neutron capture 
on ^^'^Cs is strongly dependent on the length of criticality. The atomic ratio of ^'^'^Cs to ^"^^Cs was found 
to be 0.070 ± 0.001, and is consistent with a nuclear reactor accident and not a nuclear weapons test, as 
expected. 

The ratio of ^'^^I to ^^^Cs activity from a measurement of seawater samples from the South Discharge 
Channel, a monitori ng post locate d 330 m south of the Discharge Channel of the unit 1-4 reactor sites 
was investigated by iMatsuil (|201ll ). The data were described by fitting to an exponential function. The 
measured ratio of of ^^^I to ^^^Cs activity from data in the current work are shown in Fig. |4l An attempt 
was made to fit these data to the same exponential function: 



^activity fl 



TCs 



(2) 



CSactivity ^ ' fcs At ■ ln{2) 

where fi and fcs are the fra ctions of ^"^^I and ^■^^Cs per fission (2.89 x 10~^ and 6.19 x 10~^ respec- 
tively ( Isotopes Project . 201ll )). ti and tqs are the lifetimes of ^^^I and ^^^Cs and At is the length of time 
the reactor has been active. We assume the lifetime of ^'^"'^I is short compared to the reactor operation time, 
the decay constant is fixed and At is the only free parameter. The best fit value for A t was found to be 
2.6 ± 0.2 y which is not in good agreement with At = 1 y reported bv iMatsuil (j201l[ ). The data show 
large deviations from the fit (x^/DOF = 4.4 , p — value = 10^^^) which may indicate a difference in the 
particulate transport mechanisms and efficiencies of the iodine and cesium isotopes. 



4. Conclusions 

Airborne fission products released from the Fukushima Dai-ichi reactor have been measured in Chapel 
Hill, NC, USA. Fallout from the reactor accident is not expected to have any health implications for the 
people living in North Carolina or in the United States. The maximum measured ^'^^I activity concentration 
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Tabic 3: Assay results from filters measured at KURF. The filter efficiency for -'^'^^Te is assumed to be 99.98%. All activity concentrations are 
in units of mBq/m'^. 



Filter Sample 




131j 


132j 










End Date 
















March 20 


0.08 ± 0.03 


0.57 ± 0.06 


0.024 ± 0.004 


0.038 ± 0.004 


0.007 ± 0.002 


0.043 ± 0.005 




March 29 


0.05 ± 0.01 


4.2 ± 0.5 


0.08 ± 0.02 


0.020 ± 0.003 


0.026 ± 0.008 


0.20 ± 0.03 





' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' 



t *' t-.-...V. . ,t 

■ 11 - 



10 15 20 25 30 35 40 
Time since eartliqual<e (d) 

Figure 4: The ratio of ^^^I to ^"^^Cs activity concentration. The fit is an exponential decay where the decay 
constant is fixed by the hfetime of ^'^^I. 

is below limits set by the EPA and NRC as well as many sources of natural background radiation, including 
radon. After April 20, 2011, the radioactivity in the air fell below our detection limits. The measurements 
reported here are part of the larger global effort to quantify the transport of fallout from the Fukushima 
accident. We hope they will contribute to future models of the atmospheric transport of fission products. 
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